In this paper the Quasiparticle-Phonon Nuclear Model (QPNM), based on QRPA (Quasiparticle Random Phase Approximation) phonons, has been utilized to investigate spin polarization effects on the groundstate magnetic properties such as intrinsic magnetic moment ( K ) and effective spin gyromagnetic factor ( ) of odd-mass deformed 165−179 Hf isotopes with K > 1/2. Investigations of the spin polarization effects of the even core on the magnetic moments show that the spin gyromagnetic factors ( ) of the nucleons in the nucleus differ noticeably from the corresponding values for free nucleons and that the spin-spin interactions play an important role in the re-normalization of factors of the odd-mass 165−179 Hf isotopes. In addition, some theoretical predictions are presented for the magnetic moments of 165 Hf, 167 Hf, and 169 Hf, whose ground state magnetic moments haven't been experimentally determined yet. 
Introduction
Theoretical study of magnetic properties such as magnetic moment (µ), intrinsic magnetic moment ( K ), and effective spin factor ( ) of odd mass deformed nuclei forms an
It is well known that the experimental values of the intrinsic magnetic moments of odd-mass nuclei deviate considerably from the theoretical predictions if the spin gyromagnetic factor ( ) in calculations is set equal to the free nucleon value. The discrepancy between the theoretical predictions and the experimental values of the K factors is usually explained in terms of the spin polarization of an even core by an odd nucleon [1] . The spin dependent part of the interaction between the odd nucleon and the nucleons in the core tends to align the spins of like nucleons antiparallel and the spins of the unlike nucleons parallel to the spin of the odd particle. This always has the effect of reducing the spin contribution to the magnetic moment of the nucleus, due to the opposite signs of the magnetic moments of proton and neutron. The reduction may be large because the contributions from many nucleons add with the same sign [2] . The spin polarization effect on the magnetic moments can be taken into account by introducing an effective gyromagnetic factor ( ). It was shown by De Boer and Rogers that the theoretical calculations can be brought into agreement with the experimental data by replacing the free-nucleon value with an effective spin gyromagnetic factor equal to about ( = 0 6 − 0 7 ) [3] . Good agreement is achieved with the experimental data, however from the theoretical point of view the accuracy of this approximation seems to be doubtful. A quantitive and universal description of the effective spin gyromagnetic factors would definitely require further theoretical investigations. Over the past three decades many theoretical attempts for the explanation of spin polarization effects on the ground-state magnetic properties of oddmass nuclei have been made. Theoretical studies of this problem were carried out in perturbation theory [2] and more extensively in KPM (Kuliev-Pyatov Method) using the Tamm-Dancoff Approximation (TDA) [4] [5] [6] . Recently, using the QPNM [7] [8] [9] [10] we have developed a method to investigate the spin polarization effects on the groundstate magnetic properties of odd-mass nuclei for the first time. The demonstration of the method was made with numerical calculations in 157−167 Er [11] and 155−165 Dy [12] isotope chains. The results of our previous work [11, 12] have indicated that the QPNM interpretation of the magnetic moments seems most appropriate, so at present it represents the only possible approach to an improved understanding of the spin renormalization effects experimentally observed for the magnetic dipole moments. Therefore, it would be important to expand the calculations on other isotope chains to test if the method can reproduce the intrinsic magnetic moment ( K ) and the effective spin factor ( ) observed in other rare-earth nuclei. In view of the above remarks, odd neutron Hf nuclei in the rare earth region are of special interest since during the last few decades the nuclear spins and moments of neutron-deficient Hf isotopes have been extensively investigated by several groups [13] [14] [15] . In view of the rich experimental information gained for Hf isotopes, we intend to expand our QPNM calculations to test if the method allows a detailed analysis of the observed magnetic properties of these isotopes. In addition, some predictions are presented in the current paper for the magnetic moments (experimentally unknown as of yet) for 165 Hf, 167 Hf, and 169 Hf nuclei. The method based on QPNM is briefly reviewed in Section 2, the results of the calculation are discussed in Section 3, and a summary is given in Section 4.
Theory
A detailed description of the method based on QPNM can be found in Ref. [11] . Here is a brief reminder that one starts with an intrinsic Hamiltonian having the following composite structure:
The first term (H ) is a single-quasiparticle Hamiltonian of the simple form
which includes a deformed axially symmetric WoodsSaxon potential. The second term (H ) describes the 1 + phonon excitations in the even-even core of a nucleus and is defined as
The last term (H ) is the Hamiltonian for the core-single quasiparticle interaction and describes the connection between the single-particle and collective motions, and its expression is
In the Hamiltonian, ε (τ) is the quasi-particle energy of the nucleons, the quantities M = + and L = − are expressed in terms of the Bogoliubov canonical transformation parameters, and . σ are single-particle matrix elements of the Pauli spin
where α + (α) is the quasi-particle creation (annihilation) operator.
is the sum of the two-quasiparticle amplitudes ( = ψ + ). The summation over ( ) means that the sum is taken over the average field single particle levels of the neutron (proton) system. Q + (Q ) is the phonon creation(annihilation) operator. χ is the spinspin interaction parameter with ττ denoting the corresponding proton-proton, neutron-neutron (χ = χ = χ ) and proton-neutron spin-spin interactions (χ = χ, q expresses the isovector and isoscalar characteristics of the neutron-proton spin-spin interactions). Both spin interaction parameters (χ) are expressed in terms of spin interaction strengths (κ), χ = κ A MeV. In this model, the wave functions of odd-mass nuclei (for odd-neutron Hf isotopes τ=n) consist of the sum of onequasiparticle and one-quasiparticle⊗phonon [11] :
with the normalization condition:
where the index j stands for the level with a given K π value. The function Ψ 0 represents the phonon vacuum which corresponds to the even-even core of the nucleus. The quantities N K (τ) and G K Kν (τ τ ) determine the contribution of the one-quasiparticle and the quasiparticle⊗phonon component in the wave function, respectively. In calculating the energies and wave functions of the non-rotational states in odd-A nuclei we find the average value of the Hamiltonian over K (τ). By using the variational principle the secular equation is determined as follows:
Here, ω is the energy of the collective 1 + excited states in the even-even core can be easily derived by using the secular equation (7) and the normalization condition of the wave function [11] . For a K>1/2 state of an odd-mass nucleus the intrinsic magnetic moment (µ K = K K ) is the expectation value of the z component of the magnetic dipole operator, which can be derived as
From the comparison of Eq. (9) with the conventional Nilsson formula [2, 11] the effective spin gyromagnetic factor for odd-neutron nuclei can be written as follows: (10) where is the effective spin gyromagnetic factor which represents the quenching value of the spin gyromagnetic factor from its free value. The second term in the bracket and the last term on the right side of the Eq. (10) express to the coherent contribution coming from the quasiparticle⊗phonon interactions in the polarized core. This contribution leads to a significant reduction of the factor.
Results and discussion
Previous investigations have showed that the spin part of the residual interaction in odd nuclei leads to polarization effects that influence greatly the intrinsic magnetic moments ( K ) [2] [3] [4] [5] [6] . In the present paper we adopted our own techniques in order to investigate the role of the spin-spin interaction on the and K factors of odd neutron 165−179 Hf isotopes in the framework of the method [11] which is based on QPNM. The calculations were performed following two alternative approximations. First, the QRPA phonons of the corresponding even-even core were used to generate the phonon basis. Second, the phonon states of the doubly even core were calculated using TDA. The formalism briefly sketched in Section 2 can be easily converted in TDA by not taking into account the ground-state correlations of even core, i.e.
=0. The omission of these correlations does not change the general form of the system Hamiltonian and the analytical expressions of K and . For both calculations, single-particle energies and wave functions were computed by using the deformed axially symmetric WoodsSaxon potential [16, 17] following the procedure outlined in Ref. [11] . The mean-field deformation parameters (δ 2 ) were calculated according to Ref. [18] using β 2 deformation parameters defined from experimental quadrupole moments [19] , and the pairing-interaction constants were chosen according to Ref. [7] based on the single-particle levels. The pairing quantities ∆ and λ, the mean-field deformation parameters (δ 2 ), ground-state Nilsson configurations, and experimental magnetic moments (µ) [20] of odd neutron Hf nuclei (K > 1/2) are shown in Table 1 .
Before the presentation of the results of our calculations, we briefly discuss the ground-state properties of the odd mass Hf isotopes on which the QRPA is built. The contributions of the one-quasiparticle state (N K ) and quasiparticle⊗phonon mixture (G K Kν > 0 01) to the wave function K (τ) are given in Table 2 for 175  Hf and 177 Hf as examples. Here, the phonon excitation energies (ω ) and two-quasiparticle configurations corresponding to these states with two-quasiparticle amplitudes Ψ of the eveneven core are also given. It is well known that as a con- sequence of the quasiparticle⊗phonon interactions, the single-quasiparticle and phonon components are spread over several states (ground and excited) of odd-mass deformed nuclei [7] . However, it can be inferred from the present results given in Table 2 that the ground state is weakly affected by the quasiparticle⊗phonon interactions and they have predominantly one-quasiparticle character. As a result, the low-lying states contain less than about 1% of quasiparticle-phonon admixture.
Although the amplitudes of the one-phonon components are relatively small, it has rather a strong effect in renormalization of the g-factors. In order to demonstrate the effect of renormalization all of the elements of Eq. (9) have been calculated and given in Table 2 .
Here, the analytical expression of K is the sum of three terms. These are the quasiparticle-quasiparticle(I), quasiparticle-phonon(II) and phonon-phonon(III) terms. The first term (I) gives the largest contribution to the magnetic moment. The contribution of quasiparticle⊗phonon terms to the wave function norm is very small, as can be seen from Table 2 . But these terms have an extremely large effect on the magnetic moment and spin polarization. Small quasiparticle⊗phonon admixtures, which add up coherently, make a macroscopic contribution and lead to a noticeable polarization of the core. On the other hand, the second term in the bracket and the last term on the right side of the analytical expression of shows the coherent contribution coming from the quasiparticle⊗phonon interactions in the polarized core.
The theoretical QPNM calculations of K and factors were carried out using QRPA. Besides KPM, single particle model (SPM) and QPNM calculations based on TDA were performed in order to compare with our QPNM results based on QRPA. The analysis leads to the conclusion that due to a strong cancelation of the neutron and proton factors in the isoscalar part, the isovector part dominates in the magnetic moments. As a result, the strongest influence of the neutron-proton interaction oc- curs at q=-1. The dependence of the theoretical K and results on the parameters κ and q is demonstrated in Figure 1 for the 177 Hf nucleus as an example.
As can be seen from Figure 1 , the isovector part of the interaction is dominant ( = −1) as mentioned above and better agreement with the experimental data is achieved for about χ = 30/A MeV. Multipole-multipole strength parameters used in the nuclear structure calculation were determined empirically. In an earlier study [21] , an equation for the determination of the spin-spin interaction parameter (χ = κ/A) has been suggested in an investigation of Gamow-Teller beta decays to odd mass deformed nuclei by Gabrakov and Kuliev, κ = 0 8A
The advantage of QPNM in the description of groundstate magnetic properties of the studied isotope chain is demonstrated in Table 3 by the comparison of QPNM results with KPM and SPM calculations and with the experimental data. The results of the present analysis emphasize not only the importance of using the QPNM in the description of nuclear structure but also exhibit the superiority of QPNM based on QRPA in describing the magnetic properties of odd-mass nuclei to the independent quasiparticle model. As shown in Table 3 , the calculated and K values in QPNM using QRPA agree better with experimental data than those calculated according to KPM and SPM. The SPM results for K shows large deviation from experimental data and other model calculations. It should be noted that the uses of the QPNM on the basis QRPA increases the absolute values of and K .
Table 3. Comparison of
and K values calculated in QPNM (QRPA) and QPNM (TDA) with KPM and SPM calculations and with the experimental data for the odd-neutron Hf isotopes. The empirical data of the K were estimated from the Nillson formula [2, 11] by using experimental magnetic moments [20] as pointed out by Y.F. Bow [1] . It is apparent from Table 3 that QPNM in the QRPA basis produces considerable differences from the prediction of QPNM in the TDA basis. If we compare the general properties of the TDA and QRPA, the difference can be seen clearly. It is well known that the basic premise of the TDA is to accept independent quasiparticle vacuum as the ground state, whereas QRPA admits the possibility that the ground state is not of purely independent quasiparticle character and contain correlations. In other word, the RPA ground state is different from the TDA ground state because of the ground state correlations. We should note that taking into account the ground-state and pairing correlations by the use of the QRPA are the most important ingredients necessary to improve the description of the one-phonon vibrational states. The results of QPNM based on TDA are therefore much smaller than the experimental values for the K . In order to compare the QPNM results calculated using both QRPA and TDA with the KPM results, the main points of KPM should be recalled briefly (a detailed presentation of the method can be found in [4] ). KPM depends on the independent quasiparticle model and starts with the assumption of the oscillations of magnetic dipole moment. These oscillations generate the 1 + excitations above the energy gap in the even-even nuclei. On this assumption the spin polarization effects in the odd-mass nuclei are interpreted as resulting from the scattering of the odd nucleon on the 1 + excitations of the even core. The wave functions of KPM consist of one quasiparticle in addition to three quasiparticles [4] . Because only quasiparticle interactions are considered in KPM, the predictions of this method for both and K are considerably lower than QPNM (QRPA) predictions. As expected, the calculated K factors using QPNM base on TDA and KPM are approximately equal since in TDA and KPM the BCS vacuum corresponds to the even-even core of odd mass nuclei. This situation causes the asymmetric behaviors of the ground and excited states in KPM. However, the QPNM based on QRPA method considers quasiparticle interactions in both the excited and ground state.
The results of the ratio for Hf isotopes prove that the spin polarization of the even core by the odd-nucleon explains quite well the general assumption of De Boer = 0 6 − 0 7 [3] .
QRPA results for intrinsic magnetic moments are compared with the available experimental data and with the KPM and SPM results in Figure 2 . As can be seen from Figure 2 , the QPNM results are reasonably close to the experimental values and the trend of the experimental values with increasing mass-number A is well reproduced by the QRPA calculations. It may be noted that QPNM gives a better description for K factors of Hf nuclei. It is known that the changes in mass number (A) causes the changes in deformation parameter. It is clear from Figure 2 that intrinsic magnetic moments change due to the change of deformation. These results indicate that the intrinsic magnetic moments of odd-mass deformed nuclei are sensitive to the changes in deformation.
It may be concluded that the interaction of quasiparticles with phonons in QPNM leads to the appearance of admixtures to the one-quasiparticle states and improve the description of these states compared to KPM and the independent quasiparticle model. Moreover, the magnetic moments are sensitive to such admixtures, as was first pointed out by Blin-Stoyle [22] and Arima and Horie [23] .
Although the spin and the Nillson configuration of the ground states of 165 Hf, 167 Hf, and 169 Hf isotopes are well known, the ground state magnetic moments (µ) of these isotopes haven't been determined experimentally yet. Using the calculated intrinsic magnetic moments ( K ) from Table 3 and the well-known relation [18] given below:
and also assuming that I = K for the ground state, we predicted the magnetic moments (µ) of 165 Hf, 167 Hf, and Hf and 179 Hf [24] . The values of magnetic moments for 165 Hf, 167 Hf, and 169 Hf isotopes determined using equation (7) are presented in Table 4 . In order to evaluate the sign of the magnetic moment (µ) for these isotopes the comparison of the odd nucleon orbitals calculated in the present study and our previous works for Er and Dy isotopes is given in Table 5 .
From Table 5 , the sign of the magnetic moment (µ) for these isotopes has been determined to be positive. This seems reasonable because of 163 Er [11] , whose last odd neutron orbital is the same as that of 165 Hf, 167 Hf, and 169 Hf isotopes.
The determination of the spin-spin interaction parameter (χ) will serve as a basis for calculating various characteristics such as magnetic dipole transitions of even and also odd mass Hf nuclei. This value of χ is very close to that used earlier with scissors mode calculations in even 176 178 180 Hf isotopes [25] . In the study, collective 1 + scissors mode states of 176−180 Hf isotopes are investigated in the framework of the rotationally invariant QRPA model [25] . The results are compared with nuclear resonance fluorescence (NRF) experiments [26] . The M1 strengths as well as the total M1 in these well-deformed isotopes in 2 − 4 MeV are calculated to be in a general agreement with the NRF values especially. For an example, the calculated energy and B(M1) strengths within QRPA (using spin-spin interaction parameter χ = 30/A MeV) for each 1 + state in even mass 176 Hf isotope is given in Fig. 3 . (using spin-spin interaction parameter χ = 30/A MeV) for each 1 + state in even mass 176 H isotope. The experimental NRF results are filled circles [26] .
Conclusion
We hope that the availability of theoretical estimations on the ground state magnetic moments of these isotopes can encourage further experimental work in this field. In the present paper, the first QPNM results of the effective and intrinsic gyromagnetic factors for seven odd neutron Hf isotopes were presented. The calculations were performed using equations derived analytically within the framework of QPNM in the bases of TDA and QRPA. Our results indicate a significant role of the spin-spin interactions in the renormalization of the g-factors of the oddneutron 165−179 Hf (K > 1/2) isotopes. For the Hf isotope chain the spin polarization of the even core by the oddparticle explains quite well the experimentally observed values of K with calculated data for χ = 30/A MeV and = −1 . The determination of spin-spin interaction parameter (χ) will serve as a basis for calculating various characteristics such as magnetic and electric dipole transitions of even [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] and also odd mass Hf nuclei . In addition, theoretical predictions were presented using the calculated K factors for the magnetic moments (µ) of 165 Hf, 167 Hf, and 169 Hf whose ground state magnetic moment haven't been experimentally determined, yet. The agreement between our calculations and the experimental data show that the method is considerably better than other theories in order to explain spin polarization effects on magnetic properties of odd-mass 165−179 Hf (K > 1/2) isotopes.
